This work describes the development of a third-generation charge optimized many-body (COMB3) potential for Al-C and its application to the investigation of aluminum/graphene nanostructures. In particular, the new COMB3 potential was used to investigate the interactions of aluminum surfaces with pristine and defective graphene sheets. Classical molecular dynamics simulations were performed at temperatures of 300-900K to investigate the structural evolution of these interfaces. The results indicate that although the interfaces between Al and graphene are mostly weakly bonded, aluminum carbide can form under the right conditions, including the presence of vacancy defects in graphene, undercoordinated Al in surface regions with sharp boundaries, and at high temperatures. COMB3 potentials were further used to examine a new method to transfer graphene between Al surfaces as well as between Al and Cu surfaces by controlling the angle of the graphene between the two surfaces. The findings indicate that by controlling the peeling angles it is possible to transfer graphene without any damage from the surface having greater graphene/surface adhesion to another surface with less adhesion.
I. INTRODUCTION
Metal/graphene systems have been investigated for mechanical, electronic and energy applications in many configurations, including metal/graphene composites and nanostructures for electronic devices. [1] [2] [3] [4] [5] Among these, Al/graphene materials have attracted attention. For instance, the introduction of graphene to aluminum has been shown to overcome a number of limitations of monolithic Al and yield a desirable combination of strength, stiffness, toughness and density. [6] In addition, the optical, thermal and electrical properties of graphene mean that Al/graphene composites can produce new integrated structuralfunctional materials. [7] The interface between graphene and the metal surface plays a key role in determining the properties of these systems and their overall performance during applications such as catalysis, sensing and energy storage. Determining the structure-property relationships of these interfaces can further be beneficial to related systems such as carbon/metallic electrodes in nanoelectronics, the mechanism of graphene growth, and, more generally, organic-inorganic interface properties. [8] [9] Several transmission electron microscopy (TEM) studies of graphene in aluminum matrix composites indicate that there is a sharp interface between Al and graphene without the formation of aluminum carbide. [10, 11] For example, Li et al. found that clean and strong interfaces are the result of metallurgical bonding on an atomic scale. [12] In contrast, other TEM studies report the formation of both stoichiometric and nonstochiometric aluminum carbide at Al/carbon interfaces. [13] [14] [15] Reduction in the strength of the graphene/Al-matrix composites was observed due to the formation of these aluminum carbide phases. [16, 17] There is additional experimental evidence that the improvement of mechanical properties such as tensile properties is due to the presence of limited amounts of thin carbide layers that increase graphene/Al interfacial bonding. [18] [19] Defect concentrations and temperatures reached in the experimental synthesis of graphene/Al composite may be related to the formation of aluminum carbide at the metal/graphene interface, but there is much about the structure-property relationships of graphene/Al interfaces that remains unknown.
Fundamental knowledge of graphene/metal substrate interfacial systems is additionally necessary to improve practical operations such as the transfer of intact graphene films cleanly from one surface to another following growth via chemical vapor deposition. [20] [21] Since metal surfaces often serve as substrates on which graphene is grown, understanding the details of graphene/metal interfacial systems can help to develop improved methods for the clean and damage-free transfer of graphene between surfaces [22, 23] Computational methods are highly complementary to experimental measurements and predict details of atomic-scale interactions at nanoscale interfaces. First principles, density functional theory (DFT) calculations predicted that the interface between Al (111) and graphene has a lattice mismatch that is less than 1.5%, and a corresponding binding energy is 0.027 eV per carbon atom. [24, 25] This is consistent with Al physisorbing to the graphene with van der Waals interactions. However, the sizes of the structures used in the DFT calculations were small, and external effects such as temperature and surface topology were not considered. Larger scale classical molecular dynamics (MD) simulations have not yet been widely employed due to the absence of reliable interatomic potentials for Al-C systems. Recently, a ReaxFF potential was developed to explore the effect of carbon coating on the oxidation of aluminum nanoparticles, [26] but the results for graphene/Al interfaces were not satisfactory since the Al-C interaction in this potential was not primarily fitted for such interfaces.
Here, we report the development of a reactive dynamic charge interatomic potential for Al-C interaction within the framework of the third generation of charge optimized many-body potential (COMB3) for Al and hydrocarbon [27] [28] [29] [30] and apply it to the investigation of Al/graphene nanostructures. In particular, the potential is used in classical MD simulations to investigate the structural evolution of graphene/Al(111) interfaces and to consider the influence of the defects in the graphene sheet, the topology of the Al surface, and the temperature of the system. Additionally, we examine the way in which the angles between the graphene and Al at their interfaces affect the structural stability of the system; this leads to a new proposal on how to transfer graphene from one Al surface to another and from Cu to Al surfaces. The results of this work reveal changes in the bonding at Al/graphene interfaces with changing conditions and indicate the ways in which these interfacial interactions can be exploited to enable the reproducible manipulation of graphene sheets.
II. COMPUTATIONAL DETAILS

A. Development of Al-C COMB3 potential
The COMB3 potential is a variable charge, reactive interatomic empirical potential in which the total energy of the system is expressed as a sum of electrostatic energy (U es ), charge dependent short-range interactions (U short ), van der Waals interactions (U vdW ), and correction terms (U corr ) as shown in Eq. (1).
Here {q} and {r} refer to the charge and coordinates of the atoms in the system, respectively. More details of the COMB3 potential and parameters can be found elsewhere. [27] 
The parameterization of Al-C took advantages of the parameterization optimization software for materials (POSMat) [31] and an in-house code to minimize the cost function, which is a sum of weighted squared residuals between the calculated values and the training database. The training database was derived from previous and our own first-principle calculations.
Our first-principle calculations were performed using DFT as it is implemented in the Vienna Ab initio Simulation Package (VASP), using the generalized gradient approximation (GGA) and the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional. [32] [33] [34] The plane-wave cutoff energy was set to 520 eV and the Brillouin zones were sampled using a Monkhorst-Pack mesh with 4×4×4 k-points. The convergence criteria for geometry optimization were set at 1.0 × 10 −5 eV and 1.0 ×10 −3 eV·Å −1 for energies and forces, respectively. The potential energy, interatomic forces, and the stress tensor were corrected to include van der Waals contributions using the vdw-DF2 method. [35] 
B. Classical molecular dynamics simulations
The classical MD simulations were carried out using the large-scale atomic/molecular massively parallel simulator (LAMMPS), an open source MD code made available by Sandia National Laboratory. [36] The geometric optimization was achieved using the conjugate gradient algorithm, and the sizes of structures were fully relaxed. The stopping tolerances for energies and forces were 1.0 × 10 −12 eV and 1.0 ×10 −10 eV·Å −1 , respectively, and time step was set at 0.1 fs. For dynamic simulations, a Nosé-Hoover barostat and a Langevin thermostat were applied to control the pressure and temperature of systems, respectively. Pressures within the simulations were set to 0 bar, and various temperatures of 300-900K were considered. The time step used in these simulations was 0.2 fs, and the simulations ran for 50 ps or until the energies of the systems fluctuated slightly about a constant value.
III. POTENTIAL FITTING RESULTS
In the fitting process, the potential parameters were optimized for the interaction of atomic Al with graphene. Several structures were considered, including: one Al atom on the hexagonal, bridge and atop sites of pristine graphene; one Al atom or Al dimer on top of a single vacancy of graphene; two Al atoms on each side of a single vacancy of graphene; and one Al trimer on pristine graphene. The fitting results of the binding energy (BE) for each structure are illustrated in Table I . Most fitted COMB3 data is in general agreement with DFT results. The COMB3 BEs of one Al atom on different sites of pristine graphene are underestimated compared to DFT data. Since it is difficult to obtain perfect agreement between all the fitting data and database, such imperfection is retained to achieve overall good fitting results and to avoid overfitting.
Our potential parameters are also fitted to reproduce some properties of bulk crystalline structures.
These fitting results are provided in Table II based ZnS have lower heats of formation than predicted by DFT. Since the heats of formation of these structures are all above 0 eV/atom using either DFT or COMB3, these phases are predicted to be highly unstable and to thus decompose; therefore, this set of parameters is judged to be acceptable despite of the imperfect agreement with DFT data.
To further explore the ability of the potential to describe the energetics of phases not explicitly included in the fitting database, a genetic algorithm search for low-energy compounds were performed in the Al-C space. We used the genetic algorithm for structure prediction (GASP) package [37] coupled to LAMMPS for structure optimization and energy evaluation with COMB3. GASP enables grand-canonical searches for structures with different numbers of atoms in the unit cell and different compositions; the initial structures and compositions were chosen randomly. A more complete description of GASP is provided elsewhere. [37] The 0 K phase diagrams, also referred to as the convex hulls, are provided in Fig. 1 . Bulk
Al4C3 is correctly predicted to be the most stable Al-C phase with a formation energy of -0.09 eV/atom in agreement with DFT results. In addition to the Al4C3 phase, AlC and Al2C structures are predicted by COMB3 to have slightly negative heats of formation (-0.05 and -0.02 eV/atom); by contrast, DFT predicts positive heats of formation for these phases (0.08 and 0.11 eV/atom). Nonetheless, these two phases are still located above the convex hull indicating that COMB3 would still predict that they will both decompose to the lower energy Al4C3 structure. Given that the COMB3 potential has captured many properties for different Al-C phases, this imperfect parameter set is deemed to be acceptable despite these (1) One Al at hexagonal site of pristine graphene 
IV. GRAPHENE/ALUMINUM SYSTEMS
A. Work of adhesion for Al/graphene
An interface between an Al (111) surface and pristine graphene was constructed as discussed in previous studies [24, 25] ; a snapshot is provided in Fig. 2 . We first explored the dependence of the energy of this system on the number of Al layers. The work of adhesion (Wa) is defined in Eq. (2) where Eint is the energy of relaxed Al/graphene interface structure, A is the area of the interface, EG and EAl are the energies of graphene and aluminum slab after they are isolated, respectively.
The work of adhesion of graphene on various numbers of Al layers as predicted by COMB3 is illustrated in Fig. 3 . Wa increases slightly as the number of Al layers increase, which is similar to behavior predicted for other similar systems. [38] Wa converges to around 0.093 eV per C atom (0.55 J/m 2 ) in the interface.
The Wa between graphene and six layers of Al here is 0.076 eV/C atom, which is in the same range predicted by previous DFT calculations of 0.027 eV/C atom in the interface. [25] The overestimation of the COMB3 result is due to the slightly overestimation Columbic contribution to the total energy. The predicted interfacial spacing between Al and graphene is around 0.34 nm which is in good agreement with DFT. [25] FIG 
B. Carbide formation at the Al/graphene interface
Next, we considered the influence of defects in graphene, the surface topology of Al, and system temperature on the possible formation of aluminum carbide at Al/graphene interfaces. Three types of defects in graphene were considered: single vacancy (SV), di-vacancy (DV) and di-interstitial (DI), as illustrated in Fig. 4 . The results suggest that the SV has little impact on the Wa of graphene/Al interface.
The Wa is slightly increased by DV and decreased by DI on graphene, but the order of magnitude of their influence is small as shown in Table V . 
C. Graphene transfer
Kendall and co-workers [39] predicted that when a thin film of width w is peeled off from a substrate, smaller peeling forces, F, along the thin-film plane are needed for larger peeling angles, , between the thin film and substrate. Kendall's peeling off model is given by the equation below:
where R is the adhesion energy between the film and substrate. Kuznetsov et al., for example, successfully explored this angle dependence of the peeling forces to propose a model for accumulation of connections between bundles of carbon nanotubes (CNTs) in a CNT forest during a pulling out process of formation of CNT macroscopic fibers. [40] On the basis of Kendall's model, when a thin film has its ends laid on two surfaces and a tension force is applied to the film, the film will detach from the surfaces with smaller peeling forces.
In this work, a similar idea is considered in a new proposal for a method to transfer graphene from one surface to another. We focus on the transfer of graphene from a surface having larger graphene/surface adhesion to another having smaller adhesion. We first studied a system in which two Al surfaces are connected by a curved graphene sheet. The system was equilibrated using the COMB3 potential in MD simulations at 300K to optimize the configuration of the graphene, as indicated in Fig. 6 . Two identical Al(111) surfaces were placed in parallel in the simulation box, and a graphene sheet was in contact with both of them such that the initial angle between graphene and Al at the intersection was 60°. The graphene carbon atoms closest to the Al are bonded by physisorption, and its curvature minimizes the local stress within the graphene sheet.
Next, the top surface was rotated by 30° clockwise, in Fig. 7(a) , and counterclockwise, in Fig. 7(b) , respectively, and was pulled upward at a rate of 0.5 Å/ps. When the peeling angle of the bottom substrate
( 1 ) is smaller than that of the top substrate ( 2 ), larger forces are required to separate the graphene sheet from the bottom graphene/Al interface. As a result, the graphene sheet is gradually peeled off from the top graphene/Al interface, as illustrated in Fig. 7(a) . In contrast, when the peeling angle with the top surface is smaller, the graphene sheet remains attached with the top surface and is gradually peeled off from the bottom surface. This suggests that larger peeling angles reduce the structural stability of graphene/metal interfaces, which should be noted in the design of graphene/metal systems. These results provide guidance for the transfer of graphene sheets from one substrate to another. Although there are mechanical models that examine the structure and stability of thin films during the complete peeling off process [41] the difference in peeling off angles when the film is laid on two surfaces has yet to be considered. To further explore the application on transferring graphene between surfaces, we investigated a similar process using two different surfaces connected by the curved graphene sheet, one of aluminum and one of copper. The results are provided in Fig. 8 ; the details of the COMB3 potential for Cu-C interactions may be found elsewhere [30] . Based on Kendall's model, the condition of peeling off angles in favor of transferring graphene from a surface having larger adhesion to one have smaller adhesion can be estimated.
Assuming RLARGE and LARGE (RLOW and LOW) as the adhesion energies and the peeling off angles between graphene and the surface with larger (low) adhesions, respectively, we can obtain equations:
where FLARGE and FLOW are the forces of tension on the graphene laid on each surface, respectively, during a peeling off process. In the process illustrated in Fig. 8 , we define r as the ratio RLOW/RLARGE so that r < 1. To transfer graphene from the surface with larger adhesion to one with smaller adhesion, the force needed to peel graphene off the surface with larger adhesion must be smaller than that needed for the other surface. Therefore, when the relation FLOW > FLARGE is satisfied, we can obtain equation (5) This work provides fundamental structure-property details to different graphene/Al interfaces occurred in experiments and illustrates a method that can be used to transfer graphene between different substrates. We hope our work can aid better understanding of graphene/Al interfaces in the experimental design and the development of graphene-based materials.
